Introduction {#sec1-1}
============

Orexinergic (hypocretinergic) neurons were initially discovered in 1998.\[[@ref1]\] They produce two excitatory neuropeptides, orexin-1 (A) and orexin-2 (B).\[[@ref2]\] Orexin receptors have two subtypes (OXR-1and OXR-2) which exist in many brain regions including hippocampus. There are two hippocampal orexin receptor subtypes, OXR-1 (in CA2) and OXR-2 (in CA3).\[[@ref1]\] Orexin-A stimulates both receptors, which leads to *in vitro* calcium mobilization, locomotor activity increment,\[[@ref3]\] awake state induction,\[[@ref4]\] sympathetic nervous system trigger,\[[@ref5]\] and food intake stimulation in rats.\[[@ref6]\]

There are controversial reports which point to orexin involvement in epilepsy. Orexins increased the penicillin-induced cortical epileptic activity,\[[@ref7]\] and hippocampal expression of prepro-orexin mRNA in rats increased after pilocarpine-induced status epilepticus;\[[@ref8]\] however, the cerebrospinal fluid orexin-A level is decreased after repetitive seizures in patients.\[[@ref9]\] The orexin-A level has been reported low in epileptic children without seizures during polysomnography versus parasomnic children; however, it was high in those with seizures.\[[@ref10]\]

Orexins affect central regulatory pathways, hippocampal synaptic plasticity,\[[@ref9][@ref11]\] and reduce gamma-aminobutyric acid (GABA) content;\[[@ref10]\] therefore, blocking the hippocampal orexin receptors may have protective effects in epilepsy. Despite a lot of experiments about orexins, narcolepsy, and sleep waves, there are very few reports about the orexin receptors antagonists in epilepsy. For example, blocking orexin receptors (OXR-1 and OXR-2) in pentylenetetrazole (PTZ)-induced seizures decreased the severity of convulsions through modification of GABA and glutamate content.\[[@ref12]\] Recently, the orexin receptor blockage by orexin-A receptor antagonist (SB-334867) has been reported to increase seizure threshold in mice in acute seizure tests such as intravenous PTZ seizure threshold test, maximal electroshock seizure test, and 6-Hz psychomotor seizure test.\[[@ref13]\] Furthermore, it has been reported that using almorexant (a dual orexin receptor antagonist) in Kcna1-null mice (a genetic model of temporal lobe epilepsy) has improved sleep, decreased the occurrence of seizures, and reduced the frequency of severe convulsions.\[[@ref14]\]

Altogether, there are very few reports about the SB-334867 in different epilepsy models, and antagonism of orexin receptors has not been studied in 4-aminopyridine (4-AP) seizures *in vivo*. 4-AP can cause tonic--clonic seizure-like events (SLEs) in acute seizure models (slices) and is used for inducing pharmacoresistant models of status epilepticus,\[[@ref15]\] so it can offer a good model for investigating new drug targets. Therefore, we aimed to investigate the effect of SB-334867 microinjection in 4-AP-induced seizures in male rats.

Materials and Methods {#sec1-2}
=====================

All chemical compounds were analytical grade and obtained as follows: 4-AP and urethane (Sigma-Aldrich Inc., China), SB-334867 (Tocris Bioscience Co, UK), dimethyl sulfoxide (DMSO) (AppliChem GmbH, Germany), ketamine 10% and xylazine 2% (Alfasan Co., The Netherlands), and diazepam (Caspian Tamin pharmaceutical Co, Iran). Diazepam and 4-AP (freshly prepared) were diluted in a saline solution. SB-334867 was dissolved in DMSO at the final concentration of 4 mM; aliquot of SB-334867 was kept at −20°C.\[[@ref11]\]

Experimental design {#sec2-1}
-------------------

After approval by the Institutional Research Committee, the study was performed with consideration of the principles of care and use of laboratory animals (8^th^ edition) and 3R rules (Basel declaration). Mature male Wistar rats were purchased from the animal house of School of Medicine and maintained in Plexiglas cages under 12-h light-dark cycle, light off at 6 pm, and 22°C--25°C. The adaptation period was 1 week with free access to food and water. All experiments were performed within 08:00--16:00 h to remove the circadian effect. The rats were randomly assigned to six experimental groups of seven animals each. 4-AP was used to induce convulsions along with SB-334867, 50 and 100 nmol/rat (SB1 and SB2). Control groups received DMSO and diazepam, and one group received SB 100 nmol along with normal saline (NS) intraperitoneal (IP) instead of 4-AP.

We injected 0.5 μl of diazepam (0.1 g/L),\[[@ref16]\] DMSO, and SB-334867 (50 and 100 nmol);\[[@ref12]\] after 20 min, 4-AP, 6 mg/kg IP or the same volume of NS was administered.

Surgery {#sec2-2}
-------

Anesthesia was induced by IP injection of ketamine (120 mg/kg) and xylazine (10 mg/kg). Considering the antiseptic technique, the stereotaxic surgery (Stoelting Co, USA) was done with a hand driller to implant four hand-made guides (needles 22-gauge) (two for monopolar electroencephalogram \[EEG\] recording electrodes, one for reference electrode, and one guide for injection needle) in addition to two small anchoring screws in lateral sides. The epidural EEG electrodes located on parietal bones and the reference electrode on the cerebellum. This assembly was fixed together by dental acrylic cement. The injection guide was 4 mm in length while other guides inserted in 1 mm holes. A stylet was inserted into each guide to prevent the occlusion. The relevant coordinates according to the rat brain atlas\[[@ref17]\] were as follows: the left ventral hippocampal commissure, AP: −1.56, L: +1.4, H: 4 mm. Animals were kept warm and closely observed during surgery; then, individually put in a Plexiglas cage for 2 days to regain the normal conditions. On the 3^rd^ day, animals were anesthetized by urethane, 2 g/kg IP, the stylet was removed. Then, the injection needle (27-gauge dental needles) and monopolar electrodes (ADInstruments, Australia) were inserted in their place. The end of the injection needle was 1 mm beyond the tip of its guide to ensure easy access to brain tissue. After 2 min, DMSO, diazepam, or SB-334867 were administered, each 0.5 μl in 5 min, using a syringe pump. The injecting needle was left in place for at least 10 min to prevent the drug backflow. Initially, we recorded the EEG for 20--30 min until stabilization. After 20 min, we injected 4-AP, 6 mg/kg IP.\[[@ref18][@ref19]\] The EEG recording continued for 1.5 h. Finally, Evans blue, 0.5 μl, was injected for verification of the injection site, animals were rapidly decapitated, and the brain was removed and placed in formalin/saline 10%. The spike trains were measured as previously published data.\[[@ref20]\] Briefly, the spike train was determined if it included the spikes and waves with an amplitude of at least 2 times the basal level, duration of at least 1 s, and frequency of 5--9 Hz.

Furthermore, an expert observer in a nonblinded manner recorded the behavioral manifestations at the beginning of the study; after injection of DMSO, diazepam, SB-334867, and 4-AP, obtaining 30--60 s videotapes every 15 min; at least six films for each rat. We used the films for data analysis to prevent the experiment\'s bias. Latency to initiate tonic--clonic SLEs and the total duration of such severe seizure-like behaviors in each animal were measured. We considered the onset of repeated generalized convulsions in whole body and the duration of such condition.

Data analysis {#sec2-3}
-------------

Normal distribution was examined by Kolmogorov--Smirnov test. Using the GraphPad Prism5, (GraphPad software Inc, San Diego, USA) Friedman test followed by Dunn\'s test (comparison of time points), Kruskal--Wallis test followed by Dunn\'s test (comparison of train duration in different groups), and one-way ANOVA followed by Bonferroni *post hoc* tests (comparison of onset and duration of seizure behaviors) were used to determine statistical significant differences. *P* \< 0.05 was defined as significant. All the values were expressed as mean ± standard error mean.

Results {#sec1-3}
=======

Administration of either SB-334867 + NS or DMSO + NS did not induce seizure activity. 4-AP injection induced SLEs with increased severity over time. The first behavioral demonstrations were symptoms such as hair-raising, increased respiratory rate, ear twitches, facial myoclonic jerks including vibrissae twitching, and eye clonus. In later stages, animals showed forelimb clonus, hindlimb clonus (at first unilateral then bilateral), and wet dog shakes. Ultimately, the generalized tonic--clonic SLEs and even running-like behavior of hind limbs (1 rat) were observed.

SB-334867 significantly decreased the duration of trains compared to DMSO-treated rats (*P* \< 0.001) \[[Figure 1d](#F1){ref-type="fig"}\]. The EEG traces 30 min after 4-AP injection showed slow waves in SB1 group; diazepam and SB2 rats, however, showed EEG irregularity \[[Figure 2](#F2){ref-type="fig"}\]. Duration of severe seizures was significantly decreased by SB-334867 (both doses) compared to DMSO- and diazepam-treated rats (*P* \< 0.05) \[[Figure 3](#F3){ref-type="fig"}\], and seizure onset increased significantly by SB (50 nmol) compared to DMSO- and diazepam-treated rats (*P* \< 0.05 and *P* \< 0.01, respectively) \[[Figure 4](#F4){ref-type="fig"}\]. Since no seizure-like behavior was demonstrated in control groups of DMSO + NS or SB-334867 + NS, so these groups were not depicted in Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. The injection site was verified under light microscopy and those with unjustified site excluded from the study \[[Figure 5](#F5){ref-type="fig"}\].

![Duration of spike trains in treated groups with DMSO + normal saline, 4-aminopyridine + DMSO, SB-334867 (50 and 100 nmol) +4-aminopyridine, SB-334867 (100 nmol) + normal saline, and 4-aminopyridine + diazepam after intraperitoneal 4-aminopyridine injection. (a) \**P* \< 0.05 versus DMSO + normal saline, ^+^*P* \< 0.05 versus 4-aminopyridine + DMSO. (b) \*\**P* \< 0.01 versus DMSO + normal saline, ^+^*P* \< 0.05 versus SB 100 nmol + normal saline, ^xx^*P* \< 0.01 versus 4-aminopyridine + DMSO. (c) \**P* \< 0.05 versus DMSO + normal saline, ^++^*P* \< 0.01 versus SB 100 nmol + normal saline, \**P* \< 0.05 versus 4-aminopyridine + DMSO. Friedman test followed by Dunn\'s test. (d) \*\*\**P* \< 0.001 versus DMSO + normal saline, ^xx^*P* \< 0.01 versus SB 100 nmol + normal saline, and ^+++^*P* \< 0.001 versus 4-aminopyridine + SB 50 nmol. Kruskal--Wallis followed by Dunn\'s test. *P* \<0.05 was considered as significant](ABR-6-162-g001){#F1}

![Electroencephalogram patterns in different treated groups with DMSO, SB-334867 50 nmol (SB1), 100 nmol (SB2), and diazepam 30 min after intraperitoneal 4-aminopyridine injection. Calibration is 1 s on X axis, 1 mv on Y axis on each little square. ih = Intrahippocampal commissure, ip = Intraperitoneal](ABR-6-162-g002){#F2}

![Duration of convulsive-like seizures in different treated groups with DMSO, SB-334867 (50 and 100 nmol), and diazepam after intraperitoneal 4-aminopyridine injection. One-way ANOVA followed by Bonferroni test. *P* \< 0.05 was considered as significant. \**P* \< 0.05: 4-aminopyridine + DMSO versus 4-aminopyridine + SB 50 and 100 nmol, ^+^*P* \< 0.05: 4-aminopyridine + diazepam versus 4-aminopyridine + SB 50 nmol. DMSO + normal saline and SB 100 nmol + normal saline did not induce seizure behaviors, so they were neglected in data analysis](ABR-6-162-g003){#F3}

![Seizure onset in different treated groups with DMSO, SB-334867 (50 and 100 nmol/rat), and diazepam after intraperitoneal 4-aminopyridine injection. One-way ANOVA followed by Bonferroni test. *P* \< 0.05 was considered as significant. \**P* \< 0.05: 4-aminopyridine + DMSO versus 4-aminopyridine + SB 50 nmol, ^++^*P* \< 0.01: 4-aminopyridine + diazepam versus 4-aminopyridine + SB 50 nmol. DMSO + normal saline and SB 100 nmol + normal saline did not induce seizure behaviors, so they were neglected in data analysis](ABR-6-162-g004){#F4}

![Injection needle tip site through ventral hippocampal commissure. White arrow represents the site of injection needle. Hematoxylin eosin staining, (×100))](ABR-6-162-g005){#F5}

Discussion {#sec1-4}
==========

This is for the first time that 4-AP is used for investigating the protective effect of SB-334867 in EEG and seizure-like behaviors. Unilateral SB-334867 microinjection attenuated convulsive seizures, which supports recent findings in PTZ-induced seizure in freely moving rats that SB-334867 reduced the seizure severity and duration.\[[@ref12]\] The duration of spike trains was also reduced by SB-334867. To our knowledge, there was not any report about EEG finding of SB-334867 in seizure to compare with current result.

We used 4-AP because it makes hippocampal slices epileptiform even after 4-AP wash out\[[@ref21]\] and induces epileptic discharges even in Nembutal-anesthetized rats.\[[@ref22]\] Furthermore, intrahippocampal injection of 4-AP has been reported to induce status epilepticus-like activities in urethane-anesthetized rats.\[[@ref23]\]

We observed convulsive seizures using 4-AP and urethane anesthesia. It has been reported urethane anesthesia permitted 3--4 h acute phase of status epilepticus,\[[@ref24]\] and limbic cortical seizures can be induced under urethane anesthesia.\[[@ref25]\] However, the motor convulsion have not been observed in piriform cortex excitation,\[[@ref26]\] kindled seizures, and EEG or PTZ convulsions under urethane-induced anesthesia.\[[@ref27]\] This controversy may be due to using different convulsions inducing agents. Seizure behavior has been studied in different seizure types under urethane anesthesia.\[[@ref24][@ref26][@ref28]\] In urethane anesthesia, animals can breathe on their own and different polysynaptic activities take place.\[[@ref24][@ref29]\] Thus, physiologic changes in response to pharmacological manipulation mimic those of wakeful animals.\[[@ref29]\] It is also a well-established method in electrophysiological studies. Despite motor convulsions seen in this model, no lethality occurred until the end of the experiment (90 min after 4-AP injection), which may be accounted as the advantage of urethane anesthesia.

The lower SB-334867 dose was more effective in this study. This result supports the recent microdialysis findings; the lower SB-334867 dose has shown the highest glutamate depletion and GABA increment while the higher dose did not affect GABA and glutamate reduction was less pronounced than the lower dose.\[[@ref12]\] It is speculated that SB-334867 exerts antagonistic effects in low dose compared to agonistic effects in high dose.\[[@ref30]\] The antagonistic effect of low SB-334867 dose may be related to autoreceptor-mediated dynorphin responses.\[[@ref30][@ref31]\] Dynorphin which is co-released with orexin has shown immunoreactivity changes in the hippocampus in different types of seizures.\[[@ref32]\]

It is well known that orexin-A depolarizes the rat brain cells and increases calcium concentration\[[@ref4][@ref33]\] which is a key element in seizure.\[[@ref34]\] Different seizure types enhance orexin-A,\[[@ref13]\] and SB-334867 inhibits the OXR-A-mediated calcium enhancement;\[[@ref35]\] thus, its beneficial effect in seizure may be associated to the reduction of calcium.\[[@ref13]\] However, this speculation remains to be elucidated in future investigations.

Duration of seizures can affect the responsiveness of anticonvulsant drugs; if convulsive seizures last \>30 min, it will be more resistance to the effects of antiseizure drugs such as diazepam.\[[@ref36]\] In the present study, the seizures lasted for more than 40 min, especially in DMSO + 4-AP and diazepam + 4-AP groups. In this study, diazepam did not prevent the induction or propagation of seizures perfectly which supports the findings of previous reports.\[[@ref15][@ref37]\] However, in a recent study, it has been shown that seizure onset delay was significantly increased by diazepam compared to magnesium sulfate in 4-AP-induced seizures in Swiss mice.\[[@ref38]\] Furthermore, the status epilepticus following pilocarpine injection in the piriform cortex or hippocampus was halted by diazepam within 2 h after epilepsy induction.\[[@ref39]\]

Conclusion {#sec1-5}
==========

The findings of this study further support the beneficial effect of SB-334867 in EEG and convulsion-like behaviors in urethane-anesthetized 4-AP-induced seizures.

Financial support and sponsorship {#sec2-4}
---------------------------------

The study was supported financially by Council of Research, Mashhad University of Medical Sciences (Grant no: 910781).

Conflicts of interest {#sec2-5}
---------------------

There are no conflicts of interest.

This study is part of a Ph.D. dissertation and has been supported financially by Council of Research, Mashhad University of Medical Sciences (Grant no: 910781).
